Introduction
The kinematics of the knee joint is controlled by muscles and ligaments: active and passive stabilisers, respectively. These structures guide the motion and resist unwanted displacements and rotations between the bones. This review will concentrate on the passive stability afforded to the knee by the ligaments and joint capsule. When ligaments as the translation or the rotation produced by an applied force or torque, or the force or torque required to translate or rotate the knee by a certain amount. The knee can move in six degrees of freedom (DoF)-three translations and three rotations [14] . In the clinic, knee instability is a subjective symptom which disables the patient, such as 'giving-way', but instability also can have a defined meaning in engineering terms, which refers to increased joint laxity for a given displacing load in one or more of these directions due to pathology or injury.
The biomechanics of clinical assessment
Clinical assessment is used prior to surgery to check for increases in knee laxity, helping to diagnose ligament injuries, and after surgical intervention in order to evaluate the success of reconstruction procedures. It is vital that the correct type of test is chosen for the suspected injury(ies). There are two broad types of test: 'static', which is uniaxial, and 'dynamic,' which tests the knee in more than one direction [41] .
Static testing
Static clinical tests are quick, simple and easy to perform consistently by different surgeons across different patients. However, they must be used with caution-there is always more than one restraint in any particular direction being tested (primary and secondary; Fig. 1 ) so it can be difficult to isolate the structure(s) that has been injured. In the case of the Lachman test, in an ACL-deficient knee, care must be taken not to overload the secondary restraint (the superficial MCL; sMCL) during the test. There is a plethora of static assessments available to the clinician, discussed further in the next paper.
Dynamic testing
Dynamic clinical assessment aims to mimic clinical behaviour, examining the knee's laxity in more than one direction. It can be more powerful than simple static assessment, but it is less well controlled than static testing, tending to be more subjective, depending on how the clinician performs and interprets the test [5] . The best known of these tests is the 'pivot-shift' which assesses ACL injury and anterolateral laxity in the knee. This test has been criticised for being very surgeon subjective (in both its procedure and interpretation), but is accepted as providing a closer correlation with the clinical symptoms of dynamic instability ('giving-way') than do the static laxity tests. Work is being done to better standardise the pivot-shift technique and quantify its outcome [18, 31, 42] .
Ideally, all six DoF of the knee would be assessed for proper diagnosis of multi-ligament injuries in the clinical setting, with quantification of primary and secondary motions, as they can be in the laboratory [22, 23, 37, 43] (Fig. 2) , at multiple angles of knee flexion. This is obviously very difficult to achieve without unacceptable invasiveness, so the above tests must be used with caution and in combination with each other to achieve a proper diagnosis.
The clinical relevance of mechanical and structural properties of ligament
Understanding the mechanical and structural properties of ligamentous tissue is important in order to properly appreciate how they behave when loaded in the knee during ADLs and how to best to reconstruct them when things go wrong. The primary role of ligaments is to transmit tensile forces along their length and so biomechanical testing of these soft tissues is usually done uniaxially. One can either assess the structural properties of the bone-ligamentbone complex, e.g. the femur-ACL-tibia, or the mechanical properties of the ligament tissue on its own. The latter can be difficult to measure for ligaments, especially the ACL which has an extremely short intra-articular portion. One must consider the material properties when choosing a graft for reconstruction and fixation method (Table 1) . However, the ultimate load of the bone fixation has been shown to be the weakest link in ligament reconstruction, generally yielding at below 1800 N of force [1, 24, 45] . Initial fixation of grafts is critical so that there can be adequate healing of the graft to the bone at each end, and no slippage of the graft from its fixation under the cyclic tensile loads imposed by rehabilitation. Fig. 1 Primary and secondary restraints. In this example, it can be seen that the ACL, the primary restraint to anterior translation of the tibia, is well aligned to an anterior drawer force. In the case of an injured or absent ACL, the superficial MCL (sMCL) will resist the same force, but it must be loaded to a much higher level to resist the anterior translation load because it is less well suited to this role (shown by the direction and length of the force vectors). The primary restraint is stretched proportionally more than the secondary restraint, so it is also more likely to be ruptured
The cruciate ligaments
The cruciate ligaments are sometimes described as being two of the links in a mechanism called a four-bar linkage, with the knee joint's path of motion determined by the location of the insertions of the linkages and their lengths. This single path of motion only accounts for sagittal knee translation and does not take into account the stretching or slackening of ligaments during knee flexion-extension, any component of motion out of the sagittal plane (such as tibial internal-external rotation), and the inherent laxity that is normal in a knee. In addition, it ignores the fact that one of the main functions of the knee is to cope with differing joint kinematics caused by changing muscle actions as we walk and run across diverse terrains.
Functional biomechanics
The ACL is the primary restraint to anterior translation of the tibia and prevents hyperextension of the knee. It also controls rotation in early flexion (the 'screw-home' mechanism [16] ). The ACL is generally considered to consist of two main bundles of fibres: the anteromedial and the posterolateral bundles.
The posterior cruciate ligament (PCL) is the primary restraint to posterior translation of the tibia. It also consists of two bundles: anterolateral and posteromedial. While the posteromedial PCL is tight, the anterolateral PCL is slack in extension and vice versa in the flexed knee [47] . It also resists internal rotation of the knee in deep flexion.
The cruciate ligaments provide most of the resistance to anterior-posterior drawer translations of the knee, controlling its mechanical stability across the full flexion cycle; the secondary structures provide minimal resistance to these movements. This means that cruciate ligament injury leads to a high level of altered joint function and, in turn, the possibility of early-onset OA.
The biomechanics of cruciate ligament injury and reconstruction

ACL
There is a long, somewhat cyclical, history of ACL reconstruction research. The information available in the literature and the choices to be made preceding reconstruction could be baffling. It is generally believed that there is a high prevalence of knee OA in people who have injured their ACL; this, combined with the high incidence of ACL injury [55] , explains the wealth of ACL research in the literature.
The initial question after ACL injury might be whether surgery is required at all. There is some evidence to suggest Fig. 2 Six-degrees-of-freedom knee testing in the laboratory using a robotic test method Bone-patellar tendon-bone (10 mm) 2977 ± 516 455 ± 67 [10] Two-strand semitendinosus 2640 ± 320 370 ± 108 [17] Two-strand gracilis 1550 ± 369 534 ± 76 [17] Four-strand semitendinosus and gracilis 4090 ± 295 776 ± 204 [17] that conservative treatment for ACL injury (physiotherapy, bracing of the knee) can give acceptable results in lowerdemand patients [30] . It might also be considered whether the damage to the ligament is repairable. It is sometimes possible to repair a torn ACL, but care must be taken; has the ligament retained its mechanical properties-i.e. is the ligamentous tissue still elastic in nature, or may the scarred tissue be vulnerable to creep elongation, which results in 'stretching-out'? When reconstructing a rupture too severe to be repaired, there are several key decisions to be made by the surgeon that could affect the biomechanics of the ACL-reconstructed knee. Should the reconstruction be single bundle or double bundle [12] , for example? There is some evidence to suggest that the more technically demanding double-bundle procedure leads to a more stable knee, as measured by clinical assessment and in laboratory studies [23, 29, 54] ; it may also have a lower revision rate, but it is still unclear whether the number of bundles has a long-term clinical effect. The location of the femoral and tibial tunnels will also affect the kinematic outcome of the procedure [21, 49] . The type of graft is another decision that must be made: autograft, allograft, xenograft and synthetic graft are all options. Autografts are the most commonly used and are usually hamstrings tendon or bone-patellar tendon-bone (BPTB). There is some evidence that suggests a BPTB graft leads to a more stable knee after reconstruction and a lower revision rate, but there is insufficient evidence to conclude which is better in terms of long-term functional performance and OA progression [20, 33, 38] . The alternatives to autogenous tissue grafts are usually considered in situations where there is a lack of availability of autogenous grafts, such as with multiple ligaments needing to be reconstructed, or in revision surgery. Finally, graft fixation method must also be decided upon: the literature includes many studies of graft fixation strength, but this interest has passed in the light of reliability of modern reconstruction methods, where failure is most commonly associated with malpositioned graft tunnels.
PCL
A search on PubMed reveals around five times as many articles relating to the ACL than the PCL. This may be because the PCL is injured less frequently than the ACL, but might also be because a PCL injury can be harder to diagnose or be less disabling. However, the PCL is critical for normal kinematic function of the knee, and although many patients may not suffer symptomatic instability acutely, longer-term knee degeneration suggests that such injuries should be accurately diagnosed and treated [51] . As with ACL reconstruction, there is a choice of single-or double-bundle procedures, with the single-bundle procedure usually replacing the anterolateral bundle, because that is the strongest part of the PCL [46] and is the dominant restraint across the arc of knee flexion. It has been demonstrated in the laboratory that the double-bundle reconstruction is biomechanically superior, leading to a more stable knee than the singlebundle procedure, in both posterior drawer and internal and external rotation [58] , although superior clinical performance has not yet been demonstrated, mainly due to a lack of robust clinical studies [44] .
The lateral aspect of the knee The anterolateral structures
There has been a recent flurry of interest in the anterolateral structures, and the anterolateral ligament, in particular, in the academic literature and the mainstream media [8, 9, 11, 13, 40, 57] . But the idea of using anterolateral constructs around the knee to help to control rotatory laxity is not a new concept. Extra-articular tenodeses to treat rotatory instability after ACL injury have been described in the literature for decades [6, 32] .
Biomechanically, it makes a great deal of sense that some kind of lateral, extra-articular structure is responsible for controlling the rotational laxity of the knee, rather than the centrally placed ACL, with one analogy being that of trying to stop a spinning wheel by gripping it on its peripheral rim, as opposed to via its central hub [2] . It follows that damage to these structure(s) should be repaired to restore that rotatory laxity. However, anterolateral tenodeses fell from use because of a perception that they were associated with later degenerative changes in the lateral compartment of the knee, but much of that evidence was collected from an era prior to modern methods of intraarticular ACL reconstruction, or treatment post-surgery, and there has been a recent increase in interest in the idea of anterolateral reconstructions. More biomechanical evidence is required to determine which structures are responsible for rotatory stability and how best to reconstruct them.
The iliotibial band
The iliotibial band (ITB) is a long band of fascia lata that originates at the gluteus maximus and passes over the lateral epicondyle of the femur to Gerdy's tubercle. Because it also attaches onto to the distal femur and has fibres that connect to the patella, it plays a role in controlling varus and internal rotation of the knee [35] , and thus has a role in the mechanism of the pivot shift [34] , as well as ITB tension causing patella lateral tilt and reduced lateral stability [36] .
The posterolateral knee
Up to 28, separate structures have been found in the posterolateral knee [25] . The three main ligamentous structures are the lateral collateral ligament (LCL), the popliteus tendon and the popliteofibular ligament (PFL).
The LCL controls varus rotation between extension and 30° flexion [50] and then starts to slacken in deeper flexion [53] . The popliteus muscle-tendon unit is a primary restraint to external rotation of the tibia and also contributes to anterior translational and varus rotational stability in early flexion [28] . The PFL connects the popliteal tendon to the head of the fibula [26] and thus forms a direct passive link from the femur to the head of the fibula. It is a secondary restraint to posterior translation and varus and external rotations [56] . It is taut when the LCL is slack in deeper flexion [53] .
It can be seen that these structures, in combination, play an important role in controlling knee stability. Posterolateral knee injuries should not be ignored; chronic cases might even lead to reconstructions of the cruciate ligaments becoming overloaded and failing [25, 37] .
The medial aspect of the knee
Medial collateral ligament (MCL)
The MCL can be split into the deep (dMCL) and superficial (sMCL) bands. The dMCL is connected to the medial meniscus and can itself be thought of as two parts: meniscotibial and meniscofemoral. It prevents valgus rotations and internal rotation when the knee is flexed and is also a secondary restraint to anterior tibial drawer and external rotation in early flexion. The sMCL is the primary restraint to valgus and external rotation and is the strongest component of the MCL complex [48] . Due to its much longer fibres, the sMCL will tend to remain intact, with the dMCL rupturing first, because the shorter dMCL fibres are subjected to a greater per cent elongation (tensile strain) (Fig. 3) .
Posterior oblique ligament (POL)
The POL is a thickening of the posteromedial joint capsule [19] . It helps to stabilise the knee in internal rotation in extension and early flexion, but slackens with flexion. Its proximal attachment is around the adductor tubercle of the femur, from which its fibres pass in a posterodistal direction to the tibia.
Oblique popliteal ligament (OPL)
The OPL is the largest ligamentous structure in the posterior capsular part of the knee [27] and prevents hyperextension [39] . It connects the distal end of the semimembranosus muscle to the osseous or cartilaginous fabella and the lateral aspect of the PCL facet, just distal to the posterior root of the lateral meniscus [27] . 
The menisci and associated ligaments
Although not actually ligaments, the menisci fulfil a role of secondary translational and rotational restraint, partly because they insert into the tibia and are connected to the femur via several ligament structures, and also because they increase the congruity of the tibiofemoral joint and have limits to their mobility, particularly the medial meniscus. Menisci are secondary restraints to anterior drawer, via meniscocapsular and meniscotibial attachments such as the dMCL [3] , and the meniscofemoral ligaments are PCL agonists and act as secondary restraints to tibial posterior drawer [15] . There is some evidence to suggest that early onset of OA is due to the meniscal injury which may occur in conjunction with an ACL tear, rather than an isolated ACL injury [7] . Lesions of the posterior aspect of the medial meniscus also occur alongside many ACL injuries, and repair of such lesions may be beneficial in restoring normal knee kinematics [52] .
Muscular restraints
The muscles around the knee are active restraints, and they are the dynamic stabilisers that provide the loading to move the joint and are the reason that loads in the knee joint reach many times that of a person's body weight during certain activities. The quadriceps, hamstrings and gastrocnemius muscles control both flexion/extension and internal-external rotation. However, they also cause anterior-posterior shear forces that are resisted primarily by the cruciate ligaments. Conversely, training the muscles may increase 'dynamic stability' and reduce the symptoms arising from ligament damage [4] . Table 2 demonstrates just how complex the six-DoF movement of the knee joint is and how multi-ligament interactions keep the joint stable in multiple positions and activities. There is a wealth of information in the literature about soft tissue knee injuries and their repair and reconstruction. An appreciation of the contribution of the various structures to the normal biomechanics of the knee will help the surgeon to choose a logical approach to reconstructing single and multi-ligament injuries. 
Conclusions
